ANTIBODY-AVIDIN FUSION PROTEINS AS CYTOTOXIC DRUGS 

BACKGROUND OF THE INVENTION 

[0001] This invention was made with Government support under Grant No. CA86915, awarded by 
the National Institutes of Health. The Government has certain rights in this invention. 

1. Field of the Invention 

[0002] The present invention relates generally to compositions and methods for treating cells to 
cause apoptosis and/or inhibit proliferation. More particularly, the present invention involves the 
discovery that non-toxic targeting moieties can be converted into cytotoxic agents that cause 
apoptosis and/or inhibit proliferation in a wide variety of cell populations. 

2. Description of Related Art 

[0003] The publications and other reference materials referred to herein to describe the 
background of the invention and to provide additional detail regarding its practice are hereby 
incorporated by reference. For convenience, the reference materials are numerically referenced 
and grouped in the appended bibliography. 

[0004] There has been intense interest in the medical community to develop pharmaceutical 
compositions that are able to deliver drugs to specifically targeted cells. Such compositions have 
typically included a targeting or transport moiety that is conjugated to the drug or diagnostic agent 
of interest. Antibodies that target antigenic receptors located on cell surfaces have been 
particularly popular. These antibodies are capable of transporting a wide variety of drugs and 
diagnostic agents to the cell surface. In many cases, the entire antibody-drug conjugate undergoes 
receptor-mediated endocytosis into the cell. 

[0005] The bond between avidin and biotin is one of the highest affinity binding reactions found in 
nature with a molar dissociation constant of 10" 15 M and a f 1/2 of ligand dissociation of 89 days (10). 
Avidin is a 64,000 dalton homotetramer glycoprotein that has been administered to humans in large 
concentrations without untoward effects (11). Each 16,000 dalton monomer of avidin contains a 
high-affinity binding site for biotin which is a water soluble vitamin. The avidin cDNA gene was 
cloned in 1987 so that avidin has been produced routinely using recombinant DNA technology (12). 
[0006] The avidin-biotin linkage has been a natural choice for use in connecting targeting 
antibodies to a wide variety of drugs and diagnostic agents. Typically, avidin is first attached to the 
antibody to form an antibody-avidin targeting vehicle. This targeting vehicle is then reacted with a 
drug or diagnostic agent that has been previously biotinylated. Although the avidin may be 



chemically conjugated with the antibody, the preferred procedure has been to use recombinant 
DNA technology to genetically engineer a fusion protein that includes both the antibody and avidin 
(1). 

[0007] Antibody-avidin fusion proteins have been used to transport a variety of other types of drugs 
including anti-tumor toxins that are used in cancer treatments (14). For example, biotinylated anti- 
sense oligonucleotides have been attached to antibody-avidin fusion protein target vehicles to form 
compositions which are useful in gene therapy (13 and 14). Antibody-avidin fusion proteins have 
also been used to transport a variety of other types of drugs including anti-tumor toxins that are 
used in cancer treatments (14). 

SUMMARY OF THE INVENTION 
[0008] In accordance with the present invention, it was discovered that antibody-avidin proteins 
are, by themselves, effective cytotoxic agents that cause apoptosis in cells and/or inhibit cell 
proliferation. We found that the non-toxic anti-receptor antibodies which are used as targeting 
vehicles can be transformed into cytotoxic agents by fusing the antibodies with avidin. The 
resulting antibody-avidin complex was found to cause apoptosis and inhibition of cell proliferation in 
cancer cells. In addition, intrinsic cytotoxic activity of known antibodies, such as Rituxan or 
Herceptin may be enhanced by fusing them to avidin. 

[0009] The present invention includes a method for inducing apoptosis in cells. The method 
involves exposing one or more cells to a cytotoxic agent for a sufficient time and at a sufficient 
temperature to induce apoptosis. The cytotoxic agent, in accordance with the discoveries of the 
present invention, includes a targeting moiety and an avidin moiety wherein the targeting moiety is 
capable of binding to one or more receptors located on the cells. The present invention specifically 
requires that a biotinylated drug not be included as part of the cytotoxic agent. The method of the 
present invention is particularly well suited for treating both liquid and solid tumor cells and 
especially those which are cancerous. The method may be used to treat cell populations located 
both in vivo and in vitro. 

[0010] The present invention also includes methods for inhibiting the proliferation of a proliferating 
cell population such as a liquid or solid tumor. It was discovered that cytotoxic agents in 
accordance with the present invention were effective not only in inducing apoptosis, but also 
effective in inhibiting proliferation of cancerous cell populations. The method for inhibiting 
proliferation of tumor cells may also be used both in vivo and in vitro. 

[0011] The present invention also covers compositions for use in treating cells to induce apoptosis 
and/or inhibit cell proliferation. The composition includes a cytotoxic agent having a targeting 
moiety and an avidin moiety wherein the targeting moiety is capable of binding to one or more 



receptors located on the cell surface. The composition further includes a pharmaceutical^ 
acceptable carrier. It should be noted that the cytotoxic agent specifically does not include a 
biotinylated drug attached to the avidin moiety. The compositions of the present invention are 
intended for use in the above-described methods for inducing apoptosis and inhibiting proliferation 
in specific cell populations. 

[0012] The methods and compositions of the present invention are well suited for use in treating a 
wide variety of diseases both in vivo and in vitro wherein apoptosis and/or inhibition of proliferation 
of a targeted cell population is required. The methods and compositions are particularly well suited 
for treating cancerous cells which over express growth factor receptors. 

[0013] The above described and many other features and attendant advantages of the present 
invention will become better understood by reference to the following detailed description when 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] FIG. 1A is a diagrammatic representation of an exemplary cytotoxic agent in accordance 
with the present invention. The cytotoxic agent includes an antibody targeting moiety fused to an 
avidin moiety which is made up of two avidin molecules. 

[0015] FIG. 1B is a diagrammatic representation of the dimeric form of the cytotoxic agent shown in 
FIG. 1A. The cytotoxic agent is believed to form into a dimer in solution. 

[0016] FIG. 2A shows the results of tests where a rat myeloma cell, Y3-Ag 1.2.3, was treated with 
anti-TfR lgG3-C H 3-Av (■), anti-dansyl lgG3-C H 3-Av (□), anti-TfR lgG2a (A), anti-TfR lgG3 (•), or 
anti-dansyl lgG3 (O) at various concentrations for 24 hours. The cells were then cultured in the 
presence of [ 3 H]-thymidine for an additional 24 hours, harvested and [ 3 H]-thymidine incorporation 
read. Each value is the mean of quadruplicate assays expressed as the % control mean (controls 
are cells treated with buffer alone). 

[0017] FIG. 2B shows the results of tests conducted on Y3-Ag 1.2.3 cells (■), rat bladder carcinoma 
cells, BC47 (•), and rat glioma cells, 9L (A). The cells were treated with various concentrations of 
anti-TfR lgG3-C H 3-Av for 24 hours and processed in the same manner as FIG. 2A. 

[0018] FIG. 3 shows the results of tests where anti-TfR lgG3 (173 kDa) and anti-TfR lgG3-C H 3-Av 
(200 kDa) for monomer were analyzed by FPLC in 0.5 M NaCI-PBS on two sequential Superose 6 



columns. The profile of molecular mass standards, dimeric IgA (360 kDa) and monomeric IgG (150 
kDa) separated under identical conditions as shown. Fraction size is 1 mL. 

[0019] FIG. 4 depicts the results of annexin V/propidium iodide staining in flow cytometry that 
shows anti-rat TfR lgG3-C H 3-Av induces apoptosis in rat myeloma cell line Y3-Ag1.2.3. 5 x 10 4 Y3- 
Ag1.2.3 cells were incubated with buffer alone (FIG. 4A), or 9 nM of anti-rat TfR lgG3-C H 3-Av (FIG. 
4B) for 24 hours. The cells were then washed with PBS, stained with Alexa Fluor 488 annexin V 
and propidium iodide, followed by flow cytometry analysis. The percentage of cells located in each 
quadrant is shown at the corner. 

[0020] FIG. 5 depicts the results of DNA fragmentation tests that show anti-rat TfR lgG-C H 3-Av 
induces apoptosis in rat myeloma cell line Y3-Ag1.2.3 detected in flow cytometry. 5 x 10 4 Y3- 
Ag1.2.3 cells were incubated with buffer alone (thin line), or 9 nM of anti-rat TfR lgG3-C H 3-Av (bold 
line) for 48 hours. The cells were then fixed and incubated with TdT, BrdUTP and Alexa Fluor 488 
dye-labeled anti-BrdU antibody, and analyzed by flow cytometry. 

[0021] FIG. 6 shows the results of flow cytometry tests that demonstrate the specificity of anti-TfR 
lgG3-C H 3-Av for the TfR expressed on human erythroleukemia cell line K562. 4 ng of anti-dansyl 
lgG3-C H 3-Av (narrow line) or anti-TfR lgG-C H 3-Av (bold line) complexed with FITC-biotin were 
incubated with 10 6 K562 cells for 3 hours on ice. The cells were then washed and incubated for an 
additional 1 hour on ice, followed by flow cytometry analysis. The level of binding by anti-dansyl 
lgG3-C H 3-Av-b-FITC is similar to that of b-FITC or cells treated with buffer alone (data not shown). 

[0022] FIG. 7 shows the results of tests that demonstrate the antiproliferative effect of anti-human 
TfR-avidin fusion protein on human erythroleukemia cell line. K562 cells were treated with buffer 
(A), 104 nM of anti-dansyl lgG3-C H 3-Av (B), 104 nM of mouse anti-human TfR lgG1 (C), or 104 nM 
of anti-human TfR lgG3-C H 3-Av (D) for 72 hours. The cells were then cultured in the presence of 
[ 3 H]-thymidine for another 24 hours before being harvested. The antiproliferative effect of each 
treatment is calculated by measuring [ 3 H]-thymidine incorporation. Each value is the mean of 
quadruplicate assays expressed as the % of control mean. The control is cells treated with buffer 
alone. 

[0023] FIG. 8 shows the results of tests that demonstrate the dose-dependent antiproliferative 
effect of anti-human TfR-avidin fusion protein on human erythroleukemia cell line. K562 cells were 
treated with buffer (A), 25.9 nM (B), 51 .9 nM (C), or 104 nM (D) of anti-human TfR lgG3-C H 3-Av for 
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72 hours. The cells were then cultured in the presence of [ 3 H]-thymidine for another 24 hours 
before harvested. The antiproliferative effect of each treatment is calculated by measuring [ 3 H]- 
thymidine incorporation. Each value is the mean of duplicate assays expressed as the % of control 
mean. The control is cells treated with buffer alone. 

DETAILED DESCRIPTION OF THE INVENTION 
[0024] A diagrammatic representation of an exemplary cytotoxic agent in accordance with the 
present invention is shown in FIG. 1A. The cytotoxic agent includes the variable and constant 
regions of an IgG antibody and two avidin molecules. Antibody-avidin fusion proteins of the type 
shown in FIG. 1A have been described previously (1, 3, 13, and 14). Fusion proteins of the type 
shown in FIG. 1A have previously been used as targeting vehicles which are used to deliver 
biotinylated drugs to specific cell types. In accordance with the present invention, it was discovered 
that antibody-avidin fusion proteins of the type shown in FIG. 1 A can be used as cytotoxic agents to 
treat cell populations both in vivo and in vitro to cause apoptosis and/or inhibit cell proliferation. 
[0025] It is not known why the antibody-avidin fusion proteins of the type shown in FIG. 1A cause 
apoptosis and antiproliferative activity. Although it is not known why fusing avidin to an antibody 
causes such a cytotoxic effect, it is believed that the following factors may contribute to the 
observed apoptosis/antiproliferative activity: 

[0026] (1) Since avidin is a homotetrameric protein and each antibody-avidin fusion protein (FIG. 
1A) contains two molecules of avidin (one genetically fused at the carboxy-terminus of each heavy 
chain) it is possible that two independent antibody fusion proteins bind to each other through their 
respective avidins to form a dimeric structure a shown in FIG. 1B. This dimeric structure may 
contribute to the observed activity. It should be note that monomeric fusion antibodies of the type 
shown in FIG. 1A are initially produced in accordance with the present invention. It is only after the 
monomeric fusion antibody is placed in solution that it is possible for the two monomers to join 
together to form a dimer as shown in FIG. 1 B. 

[0027] (2) The presence of the extended hinge region of the antibody provides spacing and 
flexibility which may facilitate multiple receptor binding. This may result in stronger receptor 
binding, signaling modulation, receptor crosslinking, and/or receptor down regulation. These are all 
mechanisms which may contribute to ligand deprivation resulting in cytostasis and eventually cell 
death. 

[0028] (3) It is possible that the presence of avidin in the molecule contributes to confer an optimal 
antibody confirmation resulting in the observed cytotoxic activity. 



[0029] (4) It is also possible that after specific binding of the antibody-avidin complex to the cell, the 
positive charge of avidin may contribute to binding stabilization and the observed antiproliferative 
activity. 

[0030] It should be noted that one or more of the above-described points may be causing the 
observed cytotoxic and antiproliferative activity. Further, the above explanations are only 
hypotheses which may explain the observed intrinsic cytotoxic/antiproliferative activity of the 
antibody-avidin fusion proteins in accordance with the present invention. 

[0031] The fused protein shown in FIG. 1A is exemplary only. For example, any antibody class 
may be used, including IgG, IgE, IgA, and IgM wherein the antibody has specificity for a cell surface 
protein or carbohydrate. Exemplary cell surface proteins or carbohydrates include growth factor 
receptors, transferrin receptors, and insulin receptors. Exemplary growth factor receptors include 
epidermal growth factor receptor, vascular endothelial growth factor receptor, an insulin-like growth 
factor receptor, platelet-derived growth factor receptor, transforming growth factor p receptor, 
fibroblast growth factor receptor, interleukin-2 receptor, interleukin-3 receptor, erythropoietin 
receptor, nerve growth factor receptor, brain-derived neurotrophic factor receptor, neurotrophinn-3 
receptor, and neurotrophin-4 receptor. 

[0032] In addition to antibodies and antibody fragments, receptor ligands or single chain Fvs (scFv) 
may be used as the targeting moiety provided that they exhibit specificity for a cell surface protein 
or carbohydrate. Exemplary non-antibody molecules include receptor ligands such as transferrin, 
insulin, epidermal growth factors, vascular endothelial growth factor, insulin-like growth factor, 
platelet-derived growth factor, transforming growth factor 3, fibroblast growth factor, interleukin-2, 
interleukin-3 receptor, erythropoietin, nerve growth factor, brain-derived neurotrophic factor, 
neurotrophinn-3, and neurotrophin-4, and any scFv molecules specific for cell surface protein 
and/or growth factor receptors such as transferrin receptors, and insulin receptors. Exemplary 
growth factor receptors include epidermal growth factor receptors, vascular endothelial growth 
factor receptor, an insulin-like growth factor receptor, platelet-derived growth factor receptor, 
transforming growth factor (3 receptor, fibroblast growth factor receptor, interleukin-2 receptor, 
interleukin-3 receptor, erythropoietin receptor, nerve growth factor receptor, brain-derived 
neurotrophic factor receptor, neurotrophinn-3 receptor, and neurotrophin-4 receptor. 
[0033] As shown in FIG. 1A, avidin molecules are the preferred avidin moiety. However, the avidin 
moiety may also be made up of avidin analogs such as streptavidin, neutra-avidin, lite-avidin, and 
neutra-lite avidin. It is preferred, although not necessary that the avidin molecules be fused to the 
C H 3 domain of the constant region. The avidin may be fused to mutated antibodies (mutein) or 
truncated antibodies wherein the avidin is fused after the hinge or after the C H 1 domain. 
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[0034] The targeting moiety (i.e., antibody, receptor ligand or scFB) may be conjugated to the 
avidin moiety using conventional chemical conjugation techniques. However, it is preferred that the 
targeting moiety-avidin moiety combination be formed as a fusion protein using recombinant DNA 
techniques. The methods and procedures for forming antibody-fusion proteins are well known to 
those skilled in the art. Exemplary procedures for forming antibody-avidin fusion proteins are set 
forth in references Nos. 1, 14, 15, 16, 17, and 18. 

[0035] The cytotoxic agents in accordance with the present invention may be used in vivo to treat 
both liquid and solid tumors. The cytotoxic agent is administered to individuals in the same manner 
as previously described antibody-avidin fusion proteins which have been conjugated to a 
biotinylated drug. Pharmaceutically acceptable carriers include any of those commonly used to 
deliver antibody-avidin-biotinylated drug complexes. Intravenous administration is preferred. 
Exemplary pharmaceutically acceptable carriers include normal saline by itself or in combination 
M with small amounts of detergent. The appropriate therapeutic dosage will vary widely depending 
J upon the particular tumor or cell population being treated. Typically, therapeutic dosage will range 
Iff from about 0.001 mg/kg bodyweight to about 1 mg/kg bodyweight. 

j.p [0036] The cytotoxic agents may also be used to treat cells in vitro. For example, the cytotoxic 
j»n agents may be used to purge cancer cells during ex vivo expansion of hematopoetic progenitor 
cells for use as an autograph. When treating cell populations in vitro, it is important that the 
□ temperature of the cell population be high enough to allow apoptosis to occur. For example, if the 
j, A cell population is maintained at a relatively low temperature of around 4°C, most cell populations 
in will not undergo apoptosis. Accordingly, it is important that the incubation temperature during in 
m vitro treatments be sufficiently high to allow apoptosis and/or inhibition of cell proliferation to occur. 
Preferably, the incubation temperature will be between about 37°C or close to 37°C. 
[0037] The cells are exposed to the cytotoxic agents for a sufficient time to cause apoptosis and/or 
inhibition of proliferation. Exposure times will vary depending upon the concentration of the 
cytotoxic agent, the particular cell type and whether the exposure is in vivo or in vitro. Exposure 
times may range from a few hours to a few days or more. 

[0038] Exemplary cytotoxic agents in accordance with the present invention are as follows: 
[0039] There are two methods to join avidin to a protein: a chemical conjugation or a genetic fusion 
(recombinant DNA technology). The following are examples of avidin fusion proteins: 

1) An immunoglobulin (Ig) of any class or isotype in which avidin is genetically fused at the end of 
the C H 3 domain (lg-C H 3-Avidin), after the hinge (Ig-H-Avidin), or at the end of the C H 1 domain (Ig- 
C H 1-Avidin) of the heavy chain (1, 33). 
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2) An immunoglobulin (Ig) of any class or isotype in which avidin is genetically fused at the 
beginning (N-terminus) of the heavy chain (34, 35). 

3) An immunoglobulin (Ig) of any class or isotype in which avidin is genetically fused at the 
beginning (N-terminus) or at the end (C-terminus) of the light chain (34, 35). 

4) An scFv (developed by phage library technology) specific in which avidin is genetically fused at 
the beginning (N-terminus) or at the end (C-terminus) of the scFv (25). 

5) A ligand such as transferrin in which avidin is genetically fused at the beginning (N-terminus) or 
at the end (C-terminus) of the ligand. 

[0040] The following are examples of avidin analogs. 

1) Streptavidin (10). 

2) Mutated streptavidin with decreased immunogenicity (31). 

3) Mutated Avidins: Neutral-avidin, Lite-avidin, Neutra-lite avidin (28). 

[0041] The following are examples of toxins and chemicals that can be added to the avidin fusion 
proteins to improve their intrinsic effectiveness (the toxins and chemicals should be previously 
biotynilated). In the case of toxins an alternative approach is the delivery of the gene encoding for 
the toxin instead of the toxin itself. 

1) Diphtheria toxin (DT) (41). 

2) Pseudomonas exotoxin A (PE) (19). 

3) The plant toxin ricin (27). 

4) The mammalian ribonuclease A (RNase A) (37, 38). 



5) The chemicals gemcitabine and arabinoside (29, 30). 



6) The chemical adriamycin (42) 

[0042] The following are examples of cell type/diseases which may be targeted and the specific cell 
receptor. The targeting agent may be an antibody, an antibody fragment, a scFv, or the ligand fused 
or chemically conjugated with avidin or an avidin analog. 

1) Cancer cells expressing the transferrin receptor (TfR) such as 

1.1) Malignant brain tumors (22, 23) 

1.2) Colorectal cancer (36, 39) 

1.3) Hematopoietic malignancies (20, 21) 

2) Cancer cells expressing the CD20 receptor such as B-cell lymphomas (18). 

3) Cancer cells expressing one or more members of epidermal growth factor (EGF) receptor family 
such as HER2/neu. 

3.1) Breast cancer (26) 

3.2) Ovarian cancer (24) 

4) Cancer cells expresing interleukin-2 receptor (IL-2R). Leukemic and lymphomatous cells of T and 
B cell origin (32, 40). 

[0043] Examples of practice are as follows: 

EXAMPLE 1 
Inhibition of Cancer Cell Proliferation 

Materials and Methods 

Antibodies and antibody fusion proteins 

[0044] Anti-TfR lgG3-C H 3-Av fusion proteins in accordance with the present invention were 
constructed by the substitution of the variable region of anti-dansyl (5-dimethylamino naphthalene 
1-sulfonyl chloride) lgG3-C H 3-Av fusion heavy chain (1) with the variable region of the heavy chain 
of anti-rat TfR lgG2a monoclonal antibody 0X26 (2). It was expressed with the mouse/human k 



light chain gene with the variable region of OX26 in the murine myeloma P3X63Ag8.653(3). 
Recombinant anti-TfR lgG3 containing the variable regions of 0X26 and recombinant anti-dansyl 
lgG3 were used as controls. The antibodies and antibody fusion proteins were purified from culture 
supernatants using protein G immobilized on Sepharose 4B fast flow (Sigma Chemical Company, 
St. Louis, MO). Purity was assessed by Coomassie blue staining of SDS-PAGE gels. All protein 
concentrations were determined by the bicinchoninic acid based protein assay (BCA Protein Assay, 
Pierce Chemical Co., Rockford, IL) and ELISA. Purified 0X26 was supplied by Dr. William M. 
Pardridge (UCLA). The murine lgG1 anti-human lgG3 hinge monoclonal antibody HP6050 were 
obtained from Dr. Robert G. Hamilton (John Hopkins University). Goat anti-human IgG was 
purchased from ZYMED Laboratories, Inc. (So. San Francisco, CA). 

Cell lines 

[0045] Y3-Ag1.2.3 cells were obtained from Dr. Vernon T. Oi (Stanford University). The cell is a 
myeloma from the Lou strain of rats that is resistant to azaguanine. The cells synthesizes and 
secretes a rat k light chain and was originally described in Ref. (4). BC47 is a rat bladder 
carcinoma provided by Dr. H. Tanaguchi (Keio University, Tokio, Japan). The gL gliobastoma was 
provided by Dr. J. Laterra (Johns Hopkins University, Baltimore, MD). All cells were cultured at 
37°C, 5% CO z in Dulbecco's Modified Eagle Medium (DMEM) (GIBCO BRL, Grand Island, NY), 
with 5% calf serum (HyClone, Logan, UT). 

Specific Targeting of Y3-Ag1.2.3 cells 

[0046] 10 6 Y3-Ag1.2.3 cells were incubated with 5 jug of anti-TfR lgG3-C H 3-Av, anti-TfR lgG3, anti- 
dansyl lgG3 or anti-dansyl lgG3-C H 3-Av for 3 hours on ice. Cells were then washed twice and 
incubated with 20 ml of mouse anti-human kappa light chain-FITC conjugate (BD PharMingen, San 
Diego, CA) for 1 hour. Cells were then washed once, resuspended in 2% paraformaldehyde in 
PBS, pH 7.4 and analyzed by flow cytometry using a FACScan (Becton-Dickinson, Mountain View, 
CA) equipped with a blue laser excitation of 15 mW at 488 nm. 

[0047] The ability of anti-TfR lgG3-C H 3-Av to specifically bind to the TfR expressed on Y3-Ag1.2.3 
cells was examined by flow cytometry. The isotype-matched specificity controls, anti-dansyl lgG3 
and anti-dansyl lgG3-C H 3-Av, did not bind and showed fluorescence intensity similar to that seen 
with cells treated with buffer (PBS) alone. In contrast, both anti-TfR lgG3 and anti-TfR lgG3-C H 3-Av 
bound to the cells, with anti-TfR lgG3-C H 3-Av treated cells showing stronger fluorescence intensity. 
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Proliferation Inhibition Assays 

[0048] Y3-Ag1.2.3 cells (10 4 /well in DMEM 5% CS) were treated with buffer (50 mM Tris base, 150 
mM NaCI, pH 7.8) alone, with antibodies, or anti-TfR lgG-C H 3-Av in a 96-well plate (Becton 
Dickinson Labware, Franklin Lakes, NJ) for 24 or 48 hours at 37°C. In a similar study, BC47 and 
9L, which are adherent cell lines, were plated 1 day before treatment at 5 x 10 3 cells/well in DMEM 
5% CS. After 24 hours, 4 uCi/mL of [methyl- 3 H]-thymidine (ICN Biomedicals, Inc., Irvine, CA) was 
added and cells were cultured for an additional 24 hours before being harvested onto glass fiber 
filters using a 11050 Microo Cell Harvester (Skratron, Norway) and counted in a 1205 Betaplate 
Liquid Scintillation Counter (WALLAC Inc., Gaithersburg, MD). The assays mentioned above were 
conducted in quadruplicate and values expressed as % of the control mean. 
[0049] Purified antibodies and antibody-avidin fusion proteins were analyzed in 0.5 M NaCI, 20mM 
phosphate solution, pH 6.5 using two consecutive analytical Superose® 6 HR 10/30 columns 
(Amersham Pharmacia Biotech, Piscataway, NJ) at a flow rate of 0.25 ml/min. The injection volume 
of 100 ml contained 50 mg of antibody or antibody-avidin fusion proteins. Statistical analysis of the 
experimental findings was made using a two-tailed Student's f-test. Results were regarded as 
significant if p values were < 0.05. 

Antiproliferative effect of antibody fusion proteins on rat cancer cell lines 
[0050] To demonstrate the intrinsic antiproliferative effect of anti-TfR lgG3-C H 3-Av on Y3-Ag1.2.3, 
the cells were incubated with various concentrations of anti-TfR lgG3-C H 3-Av or anti-dansyl lgG3- 
C H 3-Av. In addition, recombinant anti-TfR lgG3 and anti-TfR lgG2a (OX26) were included which 
contain the same variable regions as anti-TfR lgG3-C H 3-Av, as well as recombinant anti-dansyl 
lgG3 (FIG. 2A). The concentration of anti-TfR lgG3-C H 3-Av required for 50% inhibition of 
proliferation (IC50) as measured by thymidine incorporation assay is 4.5 nM. Anti-TfR lgG3, anti- 
TfR lgG2a, anti-dansyl lgG3 and anti-dansyl lgG3-C H 3-Av showed no inhibition of proliferation. 
Statistical analysis of the highest three concentrations of anti-TfR lgG3-C H 3-Av and anti-dansyl 
lgG3-C H 3-Av showed that the anti-TfR lgG3-C H 3-Av was a potent inhibitor of proliferation (p < 
0.002). Similar results were obtained in two independent studies using the same procedure. This 
demonstrates that anti-TfR lgG3-C H 3-Av exhibits an antiproliferative effect against the rat myeloma 
that requires both the anti-TfR variable regions and the avidin moiety. Furthermore, this 
antiproliferative effect was observed only in the rat myeloma cell line, Y3-Ag1.2.3 cells and not in 
the rat bladder carcinoma, BC47 and rat gliosarcoma, 9L under the conditions tested (FIG. 2B). 
Anti-dansyl lgG3-C H 3-Av, anti-TfR lgG3, anti-dansyl lgG3 and anti-TfR lgG2a did not inhibit the 
proliferation of BC47 and 9L. 



FPLC analysis of anti-TfR lgG3-C H 3-Av fusion protein 

[0051] Studies have shown that polymeric TfR specific antibodies have a cytotoxic effect on cancer 
cells by cross-linking the TfR on cell surface and inhibiting Tf uptake. In a previous study, it was 
found that anti-dansyl lgG3-C H 3-Av exists as dimmers presumably through tetramerization of the 
avidin moieties (two avidins per fusion protein). Since anti-TfR lgG3-C H 3-Av was constructed by 
changing only the variable regions of anti-dansyl lgG3-C H 3-Av, it also is expected to assume a 
dimeric structure, which may facilitate cross-linking of the TfR on Y3-Ag1.2.3. FPLC analysis (FIG. 
3) showed that anti-TfR lgG3 eluted at the position expected given its size (173 kDa). However, 
anti-TfR lgG3-C H 3-Av and anti-dansyl lgG3-C H 3-Av (data not shown) appeared to have a molecular 
mass of approximately 400 kDa, corresponding to a non-covalent dimmer composed of two fusion 
protein monomers of 200 kDa. This result helps explain why Y3-Ag1 .2.3 cells treated with anti-TfR 
lgG3-C H 3-Av showed a stronger fluorescent intensity than cells treated with anti-TfR lgG3 in flow 
f cytometry. The fact that anti-TfR lgG3 does not dimerize suggested that it is a non-covalent 

interaction among the avidin molecules that results in dimerization. 
Tl [0052] The above examples show that anti-TfR lgG3-C H 3-Av has a direct antiproliferationn effect 
, n against Y3-Ag1.2.3 cells. Such inhibitory effect can be increased by the addition of deglycosylated 
.[I Ricin A (b-dgRTA) at an anti-TfR lgG3-C H 3-Av concentration of 3 nM. Statistical analysis indicated 
* that there was significant additional inhibition of proliferation by anti-TfR lgG3-C H 3-Av plus b-dgRTA 
:3 compared to anti-TfR lgG3-C H 3-Av alone (p = 0.0025) when cells were incubated in their presence 
for 72 hours. Although this difference was significant it was not impressive. The weak, additional 
cytotoxic effect of b-dgRTA may be attributed to the low concentration of b-dgRTA. This amount 
may be insufficient to greatly enhance the antiproliferative effect of anti-TfR lgG3-C H 3-Av alone. 
Unfortunately we could not use a higher concentration of b-dgRTA because this commercial 
product (Sigma Chemical Company, St. Louis, MO) is contaminated with some native protein 
resulting in unspecific cytotoxic effect at higher concentrations. Furthermore, dgRTA lacks the 
domain on the B chain which facilitates translocation from endocytotic vesicles into the cytosol and, 
as a result, much of the internalized b-dgRTA may be degraded in the lysosomes. Use of 
recombinant toxins that lack the ability to enter cells by themselves but contain both cytotoxic as 
well as the translocation domains may result in more potent antiproliferative agents. 
[0053] The above examples further demonstrate that anti-TfR lgG3-C H 3-Av exists as a non- 
covalent dimmer. It is believed that the antiproliferative activity of anti-TfR lgG3-C H 3-Av may be, at 
least in part, due to its dimeric structure. For example, it was found that while anti-TfR lgG3 alone 
did not have any inhibitory activity, anti-TfR lgG3 cross-linked with secondary antibodies exhibited 
an antiproliferative activity comparable to that of anti-TfR lgG3-C H 3-Av. 
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[0054] The examples show a correlation between the valence of anti-TfR antibodies and their 
growth inhibitory properties. Divalent antibodies such as IgG, increase the rate of TfR 
internalization and degradation, resulting in decreased TfR receptor expression and cell growth rate 
in certain cases. However, multivalent antibodies such as IgM (valence = 10-12), cause more 
extensive receptor cross-linking which inhibits internalization, and may even lead to loss of TfR 
expression in some cells by a mechanism yet to be determined. Cells treated with multivalent 
antibodies suffer from severe iron deprivation and growth inhibition. Dimeric (tetravalent) anti-TfR 
lgG3-C H 3-Av would be expected to cause a lower level of TfR cross-linking than anti-TfR IgM due to 
its lower valence and, unlike IgM, anti-TfR lgG3-C H 3-Av was able to efficiently deliver biotinylated 
molecules via receptor mediated endocytosis. The inhibition of growth by anti-TfR lgG3-C H 3-Av is 
likely to reflect a combination of a partial blocking of Tf internalization and receptor down-regulation. 
This may be aided by the extended hinge region of human lgG3 which provides spacing and 
flexibility facilitating simultaneous binding to multiple TfRs. In addition, it is possible that the 
presence of avidin in the molecule may confer an optimal antibody conformation for cytotoxic 
activity or that the positive charge and glycosylation of avidin may contribute to more stable binding 
and subsequent internalization. 

[0055] The examples also show that despite the fact that anti-TfR lgG3-C H 3-Av was strongly 
inhibitory to the growth of Y3-Ag1.2.3 cells, similar treatment did not inhibit the growth of the rat 
bladder carcinoma cell line (BC47) or the glioblastoma cell line (9L). Low or negative expression of 
the TfR is unlikely to explain the difference for 9L, which has been used successfully in an anti-TfR 
immunotoxin study. Instead, these findings are consistent with previous studies showing that 
hemopoietic cells are generally more sensitive to the antiproliferative effects of anti-TfR monoclonal 
antibodies than other cell types. These differences may reflect the capacity of individual cell types 
to respond to iron deprivation. Alternatively, an iron uptake pathway independent of the Tf-TfR 
system has been demonstrated in a murine cell and it is possible that different cells may vary in 
their dependence on the Tf-TfR system for iron supply. 

[0056] A concern is whether there will be non-specific cytotoxicity associated with the in vivo use of 
anti-TfR lgG3-C H 3-Av. However, treatment of mice challenged with SL-2 leukemic cells with 3 mg 
of anti-mouse TfR IgM, R1 7 208 twice weekly for up to 4 weeks produced no evidence of gross 
toxicity or cellular damage. The similar antiproliferative effect seen with R17 208 and anti-TfR 
lgG3-C H 3-Av, indicates that there also will not be any significant toxicity associated with in vivo use 
of anti-TfR lgG3-C H 3-Av. Previous clinical studies using potent toxins chemically conjugated to Tf 
have shown that the cytotoxicity was mainly directed to the tumor cells and that side effects of the 
treatment were minor or absent, suggesting that anti-TfR lgG3-C H 3-Av also will not have unwanted 
side effects. 
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EXAMPLE 2 

Anti-rat TfR lgG3-C H 3-Av induces apoptosis in rat myeloma cell line Y3-Ag1.2.3 
Methods 

[0057] An anti-rat TfR lgG3-C H 3-Av fusion protein in accordance with the present invention was 
constructed in the same manner as in Example 1. Rat myeloma cell line Y3-Ag 1.2.3 (5 x 10 4 
cells/well in DMEM 5% CS) were incubated with 9 nM of the anti-rat TfR lgG3-C H 3-Av on a 96-well 
plate (Becton Dickinson Labware, Franklin Lakes, NJ) for 24 or 48 hours at 37°C. Twenty-four 
hours after incubation, cells were harvested and stained with Alexa fluor 488 annexin V and 
propidium iodine following a procedure suggested by the manufacturer using the Vybrant™ 
Apoptosis Assay Kit #2 (Molecular Probes Inc., Eugene, OR). Forty-eight hours after the 

* incubation, cells were labeled using the APO-BrdU™ TUNEL Assay Kit (Molecular Probes Inc.). 

5 s 

h The cells were fixed with 1% paraformaldehyde and 70% ethanol, followed by DNA labeling with 

1 terminal deoxynucleotidyl transferase (TdT) and 5-Bromo-2'-deoxyuridine 5'-triphosphate (BrdUTP). 

I The cells were then treated with Alexa Fluor 488 dye-labeled anti-BrdU monoclonal antibody and 

1 analyzed by flow cytometry. 

-3 Results 

[0058] When a cell is undergoing apoptosis, one of the earliest events is the translocation of 
phosphatidylserine (PS) from the inner to the outer leaflet of the plasma membrane, thus exposing 
PS to the external cellular environment and to the high affinity binding by annexin V (5). Propidium 
iodide (PI) is impermeant to live cells and apoptotic cells, but stains dead cells with red 
fluorescence. Therefore, when a population of cells is incubated with both Alexa Fluor 488 annexin 
V and PI, annexin V positive, PI negative population represents cells that are alive and undergoing 
apoptosis; PI single positive and annexin V, PI double positive populations represent dead cells; 
double negative population represents the healthy cells. The data obtained from this example 
indicated that there are more apoptotic cells and dead cells in anti-rat TfR lgG3-C H 3-Av treated 
group (FIG. 4B) than in the control group (FIG. 4A). This demonstrates that the antibody fusion 
protein has a cytotoxic effect on Y3-Ag1 .2.3 cells by inducing apoptosis. 

[0059] In addition, anti-rat TfR lgG3-C H 3-Av induced apoptosis can be demonstrated by another 
assay. A landmark of apoptosis is the activation of nucleases that degrade the nuclear DNA into 
small fragments (6). The DNA breaks expose a large number of 3'-hydroxyl ends that can serve as 
starting points for TdT to add BrdUTP at the 3' end of the DNA fragment. Fluorochrome labeled 
anti-BrdUTP antibody can then be added to identify cells with DNA fragmentation. As shown in 
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FIG. 5, Y3-Ag1.2.3 treated with anti-rat TfR lgG3-C H 3-Av has significant levels of DNA 
fragmentation when compared with the control cells. This confirms that the antibody fusion protein 
in accordance with the present invention has the ability to induce apoptosis in the cell line. 

EXAMPLE 3 

Anti-human TfR lgG3-C H 3-Av binds specifically to transferrin 
receptor (TfR) expressed on the human erythroleukemia cells K562 

Experimental Methods 

[0060] The anti-human TfR lgG3-C H 3-Av fusion protein was constructed by the substitution of the 
variable region of anti-dansyl (5-dimethylamino naphthalene 1-sulfonyl chloride) lgG3-C H 3-Av fusion 
heavy chain (1) with the variable region of the heavy chain of anti-human TfR lgG1 monoclonal 
antibody 128.1 (7). It was expressed with the mouse/human k light chain gene with the variable 
region of 128.1 in the murine myeloma P3X63Ag8.653 (8). 

[0061] Anti-dansyl lgG3-C H 3-Av or anti-TfR lgG3-C H 3-Av were allowed to complex with biotinylated 
FITC (b-FITC) in 50 mM Tris base, 150 mM NaCI, pH 7.8 for 3 hours at room temperature. Then, b- 
FITC alone, or the two antibody fusion proteins complexed with b-FITC were incubated with 10 6 
human erythroleukemia cells K562 (9) for 3 hours on ice. The cells were then washed and 
incubated for an additional 1 hour on ice, resuspended in 2% paraformaldehyde in PBS, pH 7.4 and 
analyzed by flow cytometry using a FACScan (Becton-Dickinson, Mountain View, CA) equipped 
with a blue laser excitation of 15 mW at 488 nm. 

Results 

[0062] The anti-human TfR lgG3-C H 3-Av specifically binds to the TfR expressed on the human 
erythroleukemia cells K562 cells (FIG. 6). The isotype-matched specificity control, recombinant 
anti-dansyl lgG3-C H 3-Av, did not bind (FIG. 6) and showed similar fluorescence intensity as cells 
treated with buffer (PBS) alone (data not shown). Thus, TfR lgG3-C H 3-Av is able to simultaneously 
bind TfR (TfR of K562 cells) and biotynylated compounds (b-FITC). 

EXAMPLE 4 

Direct Antiproliferative effect of anti-human TfR-avidin 
fusion protein on human erythroleukemia cell line 

Experimental Methods 

[0063] Human erythroleukemia cell line, K562 (5000 cells/well in DMEM 5% CS) were treated with 
buffer (50 mM Tris base, 150 mM NaCI, pH 7.8) alone or the concentration of antibody fusion 
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protein described in the figure on a 96-well plate (Becton Dickinson Labware, Franklin Lakes, NJ) 
for 72 hours at 37°C. The cells were then cultured in 4 mCi/mL of [methyl- 3 H]-thymidine (ICN 
Biomedicals, Inc., Irvine, CA) for another 24 hours before being harvested onto glass fiber filters 
using 11050 Micro Cell Harvester, (Skratron, Norway) and counted in a 1205 Betaplate® Liquid 
Scintillation Counter (WALLAC Inc., Gaithersburg, MD). 

Results 

[0064] FIG. 7 shows that the anti-human TfR lgG3-C H 3-Av inhibits the growth of human 
erythroleukemia cell line K562 (p<0.001 Student's f-test) as compared with the buffer control. In 
contrast, mouse anti-human TfR lgG1, which shares the same variable region as anti-human TfR 
lgG3-C H 3-Av does not inhibit. Anti-dansyl lgG3-C H 3-Av also does not show an inhibitory activity. 
Therefore, this result demonstrates that the antiproliferative effect of anti-human TfR lgG3-C H 3-Av 
requires both the variable region and the avidin moiety. 

EXAMPLE 5 

Dose-dependent antiproliferative effect of anti-human 
TfR-avidin fusion protein on human erythroleukemia cell line 

Experimental Methods 

[0065] Human erythroleukemia cell line K562 (5000 cells/well in DMEM 5% CS) were treated with 
buffer (50 mM Tris base, 150 mM NaCI, pH 7.8) alone or the concentration of antibody fusion 
protein shown in FIG. 8 where A = buffer; B = 25.9 nM; C = 51.9 nM; and D = 104 nM. The cells 
were treated on a 96-well plate (Becton Dickinson Labware, Franklin Lakes, NJ) for 72 hours at 
37°C. The cells were then cultured in 4 nCi/mL of [methyl- 3 H]-thymidine (ICN Biomedicals, Inc., 
Irvine, CA) for another 24 hours before being harvested onto glass fiber filters using 11050 Micro 
Cell Harvester (Skatron, Norway) and counted in a 1205 Betaplate® Liquid Scintillation Counter 
(WALLAC Inc., Gaithersburg, MD). 

Results 

[0066] Anti-human TfR lgG3-C H 3-Av significantly inhibits the growth of human erythroleukemia cell 
line K562 (p<0.001 Student's f-test as compared with the buffer control) in a dose-dependent 
manner (FIG. 8). 

[0067] As can be seen from the above examples, the fusion proteins in accordance with the 
present invention are useful cytotoxic agents which are capable of inducing apoptosis and/or 
inhibiting cell proliferation. It should be noted although the preceding examples are limited to fusion 
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proteins based on anti-transferrin receptor antibodies, a wide variety of other targeting moieties are 
possible. 

[0068] Having thus described exemplary embodiments of the present invention, it should be noted 
by those skilled in the art that the within disclosures are exemplary only and that various other 
alternatives, adaptations and modifications may be made within the scope of the present invention. 
Accordingly, the present invention is not limited to the above preferred embodiments and examples, 
but is only limited by the following claims. 
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